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The nonlinear optical dynamics of nano-materials comprised of plasmons interacting with 
quantum emitters is investigated by a self-consistent model based on the coupled Max-
well-Liouville-von Neumann equations. It is shown that ultra-short resonant laser pulses 
significantly modify the optical properties of such hybrid systems. It is further demon-
strated that the energy transfer between interacting molecules and plasmons occurs on a 
femtosecond time scale and can be controlled with both material and laser parameters. 
 
I. INTRODUCTION  
Noble metals, especially nano-structures, are well known for their unique optical prop-
erties stemming from the phenomenon of surface plasmon-polariton (SPP) resonances1. 
This research area, known as nanoplasmonics, has grown rapidly in recent years, mainly 
because of potential applications of plasmonic materials2. Extreme concentration of elec-
tromagnetic (EM) radiation in nanoscale spatial regions was proposed3 and implemented 
experimentally4 as a method to achieve lasing. Other notable realizations of light EM 
field localization include surface-enhanced Raman spectroscopy5 and tip-enhanced reso-
nance microscopy6.  
Among many exciting developments of nanoplasmonics lies the newly emerging re-
search field of nanoscale optical molecular physics, which deals with ensembles of quan-
tum particles optically coupled to nano-materials7 such as metal nanoparticles8 (NP) and 
one- or two-dimensional periodic plasmonic arrays9. It has been shown, both theoretical-
ly10 and experimentally11, that proper utilization of the optical properties of the metal 
nanostructures may lead to single atom/molecule optical trapping10a as well as alignment 
and focusing. It is now possible12 to control the geometry of nano-materials (e.g., NP 
shape, dimensions, and relative arrangement) with a precision on the order of 1 nm. This 
fine spatial control presents the key for successful manipulation of individual atoms and 
molecules10b. The basis for this manipulation lies in the strong environmental13 spatial 
dependence of the evanescent EM field, which generates large field gradients suitable for 
optical trapping, focusing, and alignment14. For example, it has been long known that lo-
cal EM fields associated with metal NP dimers depend significantly on particle sizes and 
particle-to-particle distances15. 
Despite considerable progress, our understanding of the optics of quantum media cou-
pled to nano-materials is still incomplete. Many recent works consider few quantum 
emitters driven by localized EM near-fields in plasmonic materials16, with only limited 
attempts to include collective effects17, which may play a critical role in the quantum op-
tics of nano-materials. Moreover, the optics of hybrid materials comprised of resonant 
microcavities and ensembles of quantum emitters (quantum dots18 (QD), molecular ag-
gregates19, nanocrystals20, and other dipoles20a, 21) have been a subject of extensive re-
search in the past several years22. For example, it has been demonstrated23 that the trans-
mission and reflection spectra of a gold film are significantly modified by the deposition 
of a layer of J-aggregates on the film’s surface. It was also shown experimentally19c that 
SPP resonances have a large effect on the molecular electronic structure, leading to Rabi 
splitting of resonance peaks24. This phenomenon was proposed as a way of controlling 
the optics of hybrid materials with femtosecond laser pulses25. Furthermore, core-shell 
metal NPs with a shell comprised of optically active molecules have been recently stud-
ied experimentally26, demonstrating optimization of the coupling between J-aggregates 
and a localized SPP, which resulted in Rabi splitting as large as 200 meV. While experi-
mental studies have clearly demonstrated the importance and unique optical properties of 
hybrid materials27, there remains a notable gap between the experimental progress and 
the status of theory and modeling of such systems. 
The major parameters determining the strength of the interaction between molecular as-
semblies and SPP waves are the molecular concentration, transition dipole moment, and 
local field distribution enhanced by the nano-structure. The strong coupling regime may 
be defined as cases where the field-induced Rabi splitting of the hybrid system surpasses 
all linewidths caused by the various damping rates28. Strong coupling manifests itself as 
an avoided crossing of the polariton modes when the plasmon frequency is varied, with a 
pronounced Rabi splitting that is a non-negligible fraction of the molecular transition fre-
quency19c, 23-24, 29. In this regime, energy exchange between the molecular and SPP modes 
is observed, giving rise to two new polariton eigenmodes. These states have mixed SPP-
molecular properties that could be explored and utilized in various applications26. Most of 
the modeling of such systems was done with EM fields under SPP resonant conditions 
being used as an input for determining subsequent quantum dynamics of a molecular sub-
system28. At high molecular concentrations, however, this approach is no longer valid 
because it fails to account for collective effects (e. g., back action of the molecular dipole 
radiation on the local EM field, which in turn influences the molecules). Furthermore, it 
was shown recently that proper self-consistent modeling could explain the presence of an 
additional mode with mixed molecular-plasmon characteristics appearing in the transmis-
sion spectra of hybrid materials30. 
In the current work we utilize a self-consistent model based on the Maxwell-Liouville-
von Neumann equations and examine the nonlinear dynamics of a hybrid nano-material 
comprised of a molecular layer optically coupled to a periodic array of sliver slits. We 
propose a simple method to simulate transient spectroscopy data for hybrid systems and 
show that in the strong coupling regime energy transfer occurs at the femtosecond time 
scale. Moreover we demonstrate that the energy distribution can be controlled via laser 
and material parameters. 
The paper is organized as follows. Section II outlines the model and discusses the nu-
merical approach used in our simulations. Section III considers simulations of the linear 
and nonlinear optical properties of a thin molecular layer. In Sections IV and V we pre-
sent transient spectroscopy calculations for a system of molecules interacting with a peri-
odic slit array. Section VI summarizes the results and provides an outlook for future re-
search directions. 
II. MODEL AND NUMERICAL IMPLEMENTATION 
The interaction of EM radiation with molecular ensembles is treated using a semi-
classical model based on the Maxwell-Liouville-von Neumann equations. The dynamics 
of the EM field,  
!
H and  
!
E , is governed by the classical Maxwell’s equations, 
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where µ0  and !0  are the magnetic permeability and dielectric permittivity of free space, 
respectively. The macroscopic polarization  
!
P  is calculated according to 
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where the density matrix !ˆ  is the solution of the  Liouville-von Neumann equation writ-
ten in the Lindblad form, 
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In Eq. (3), 
 
! i !( ) Hˆ , "ˆ#$ %&  is the unitary part of the quantum evolution, Hˆ  being the com-
plete Hamiltonian,  !ˆ n
"/+  are the lowering and raising operators, and  ! n  is the rate at 
which state  n  decays to the ground state  1  (typically referred to as a T1 process). The 
dephasing rates (typically referred to as T2 processes) are included in (3) in the off-
diagonal terms. The relaxation processes are considered to be Markovian. 
To include the back action of the molecules on the field, which is necessary, for exam-
ple, at high molecular density we introduce the Lorentz-Lorenz correction term for the 
local electric field in the form31 
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It had been shown32 that this local field correction (4) is valid also in case of EM wave 
propagation in dense, nonlinear media, a property we will need for the calculation of the 
transient absorption of light in hybrid nano-materials. 
In regions occupied by SPP-sustaining materials (e.g. silver metal) we adopt the con-
ventional Drude model for the dielectric constant of the metal,  
! "( ) = ! r #
$p
2
" 2 # i%" ,                                           (5) 
where ! r  is the limit of the dielectric constant at high frequencies, !p  is the bulk plasma 
frequency, and !  is the phenomenological damping rate for this specific metal. For the 
case being considered here, silver over a frequency range in and near the visible, we use 
values derived from the work of Gray et al. 33: ! r = 8.926, !p = 1.760 "1016  rad/sec, 
! = 3.084 "1014 sec-1. 
The current density  
!
J , which replaces the polarization current 
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!t  in Ampere’s law 
in (1), is evaluated according to34  
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where a = !"  and b = !0"p2 . 
The resulting system of partial differential equations is discretized in space and time us-
ing the finite-difference time-domain method34. Maxwell’s equations, along with the Li-
ouville-von Neumann equation, are propagated self-consistently in time at every grid 
point driven by the local electric field, using the weakly coupled method outlined in Refs. 
[35]. For all calculations, irrespective of the dimensionality, numerical convergence is 
achieved at the spatial resolution of ! x = 1  nm and a time step of 
! t = ! x / 2c( ) = 1.7 "10#3  fs, where c  is the speed of light in vacuum. To simulate semi-
infinite spatial systems we implement the convolutional perfectly matched layers 
(CPML) absorbing boundaries36. 
Since our main interest is in the optical response of materials much smaller than the in-
cident wavelength, we use incident plane waves. To ensure proper excitation we imple-
ment the total-field/scattered-field approach34 with the following time dependence, 
Einc = E0 f t( )cos ! inct( ),                                        (7) 
where the time envelope has the form f t( ) = sin2 ! t
"
#
$%
&
'( , and !  is the incident pulse du-
ration. For the probing of transient effects, one typically uses ‘white light’ with a flat 
spectrum over the spectral region of interest. We simulate a white light probe with a 0.36 
fs long pulse, which produces an essentially flat spectrum for relevant energies between 1 
and 4 eV. A probe amplitude of 1 V/m is used throughout this manuscript so as to lie in 
the weak field limit. 
The key challenge in modeling nonlinear dynamics using a pump-probe pulse sequence 
is to disentangle signals caused by the strong pump from observations by the weak probe. 
When a system comprised of optically coupled emitters is excited by a strong pulse, it 
exhibits polarization oscillations lasting long after the pump is gone. Consequently, when 
the system is probed by a low intensity pulse, one observes an undesired high intensity 
signal at the pump frequency caused by induced polarization oscillations. Experimentally, 
such oscillations may be filtered out so as not to interfere with the probe in the far field. 
In simulations, these unwanted oscillations must be handled carefully because they may 
interfere with the signal produced by the probe. 
 
	  
FIG. 1. A high intensity pump (blue) interacts with the system under consideration (see text).  At time Δτ after the start 
of the pump, a low intensity short probe (red) is applied, and its transmission (or absorption) is monitored 
Here we propose an efficient computational method to simulate transient spectroscopy 
experiments. The idea is illustrated in Fig. 1. A high intensity pump drives a system un-
der consideration during some time interval that we denote by !" , at which time a probe 
pulse is applied. The Maxwell-Liouville-von Neumann equations are propagated in time 
and space with the driving pump up until the end of the interval !" , at which time the 
density matrix elements are recorded at all grid points where the quantum medium is lo-
cated. These data are used as initial conditions for simulation of the probe interaction 
with the sample. This method guarantees that undesired high amplitude oscillations are 
not included when one probes the system and that the probe does not alter the optical re-
sponse of the system.  
III. TRANSIENT SPECTROSCOPY OF MOLECULAR NANO-LAYERS 
We consider first a thin layer of interacting molecules, depicted schematically in the 
left inset of Fig. 2. The layer is infinite in the x  and y  dimensions and finite in z . Each 
molecule in the layer is treated as a two-level system. The layer is subject to external 
plane wave excitation at normal incidence. The symmetry of the problem reduces the re-
sulting system of coupled equations to the familiar one-dimensional Maxwell-Bloch 
equations37. With the assumption that all molecules are initially in the ground state, the 
one-photon absorption exhibits a broad resonance near the molecular transition, as shown 
in the main panel of Fig. 2. This figure displays three absorption spectra, corresponding 
to different density regimes. One is calculated at a low molecular concentration (blue cir-
cles), showing a peak at the molecular transition frequency of 1.61 eV (the “non-
interacting” molecules limit); a second corresponds to an intermediate concentration 
(green squares) and the third is a red-shifted (lower energy) spectrum for a high density 
sample (red diamonds), where the shift is caused by back action of the molecules on the 
field, as given by (4). The higher the molecular concentration, the greater the red shift, as 
expected. 
FIG. 2. One-photon absorption for the 10 nm thick molecular layer depicted in the left inset as a function of the inci-
dent photon energy calculated at three molecular number densities: blue circles corresponding to 1025 m-3, green 
squares for 5×1025 m-3, and red diamonds for 2.5×1026 m-3. The molecules are modeled as two-level emitters (right 
inset). The vertical dashed line shows the molecular transition energy of 1.61 eV. In these simulations the molecular 
transition dipole is 10 Debye, the radiationless lifetime of the excited state |2> is 1 ps, and the pure dephasing time is 
100 fs.  
We next examine the nonlinear dynamics of such a system under strong pump excita-
tion. As an illustrative example we consider a sequence of n π pulses interacting with the 
molecular nano-layer (with no plasmonic substrate) under the assumption that all mole-
cules are initially in the ground state. Following the numerical procedure discussed in the 
previous section, we calculate the instantaneous absorption of a probe pulse delayed rela-
tive to the pump excitation. Figure 3 shows the results for four different pump pulses, 
with n increasing from 1 to 4. As anticipated, the molecules undergo Rabi oscillations 
that depend on the pump pulse area. The absorption becomes negative (indicating gain) 
when the population is inverted. We also note three important observations: (1) it is more 
efficient to pump the system at the molecular transition energy, 1.61 eV, than at its red-
shifted value of 1.59 eV (confirmed in a set of separate calculations not shown here); (2) 
the system undergoes transitions back to the ground state with the absorption centered at 
the red-shifted frequency because of strong mutual interaction between molecules at high 
concentrations; (3) the Rabi cycling is not complete, and each subsequent oscillation of 
the system from the ground state to the excited state is less pronounced, an effect that is 
attributed to decoherence. 
Another important factor also contributes to the effect of incomplete Rabi cycling. Even 
though the thickness of the layer (10 nm) is much smaller than the incident wavelength 
(770 nm at 1.61 eV), the high molecular density causes the electric field inside the layer 
to be inhomogeneous; i.e. the local EM field decreases as one probes further within the 
molecular layer. This decrease results in a lower efficiency of the ‘nominal’ n! -pulses. 
We note that this effect plays a significant role in hybrid systems, as we show in the next 
section.	  	  
 
FIG. 3. Transient absorption spectra of the pure molecular system as a function of the pump-probe delay (horizontal 
axis) and the incident photon energy (vertical axis) evaluated for 180 fs pump pulses. The horizontal dashed black line 
in each panel is at the molecular transition energy, 1.61 eV. Panel (a) shows the spectrum for a π-pulse (E0  = 
2.075×108 V/m), panel (b) shows the data for a 2π-pulse (E0  = 4.150×108 V/m), panel (c) shows results for a 3π-pulse 
(E0  = 6.225×108 V/m), and panel (d) is for a 4π-pulse (E0  = 8.300×108 V/m). In all cases the pump frequency is reso-
nant with the molecular transition energy. Other parameters are the same as in Fig. 2. A pump-probe delay of 0 fs cor-
responds to the probe applied at a time when the pump is still off (i.e. at the beginning of the leading edge of the pump; 
see Fig. 1 for details). 
IV. TRANSIENT SPECTROSCOPY OF PERIODIC HYBRID MATERIALS 
The main goals of this paper are to examine the nonlinear optical dynamics in hybrid 
materials and to probe the influence of surface plasmons polaritons. Motivated in part by 
recent experimental work25, 28, we consider a thin molecular layer deposited on top of a 
periodic array of slits in a silver film, as depicted in the inset of Fig. 4a. In order to ac-
count for all possible polarizations of the EM field in the near-field zone35a, individual 
molecules are treated as two-level emitters with a doubly degenerate excited state (see the 
inset of Fig. 4b). The main panels of Figs. 4a and 4b show the linear optical response of 
the hybrid system at two molecular concentrations. As in the case of a stand-alone mo-
lecular layer, we perform white-light transient spectroscopy simulations for normal inci-
dence to compute the transmission coefficient, T , and the reflection coefficient, R . 
Since our simulations are performed in the weak probe (linear) regime, one may also cal-
culate the absorption using energy conservation, 
 A = 1!T ! R.     (8) 
Figure 4a shows all three coefficients at low molecular concentration calculated before 
the pump arrives (!" = 0 ). One can clearly see the Rabi splitting in both transmission 
and reflection. Maxima in transmission correspond precisely to minima in reflection, in-
dicating the energies of the hybrid system, i.e. the upper and lower polaritons. Absorp-
tion, on the other hand, has a single narrow resonance with a full width at half maximum 
corresponding to the energy of the Rabi splitting. (For the given set of parameters, the 
Rabi splitting is 75 meV).  It should be noted that the observed splitting in both transmis-
sion and reflection coefficients is indeed the Rabi splitting and is not caused by simple 
molecular absorption. One may verify this explanation by calculating the effect of vary-
ing either the angle of incidence or the periodicity of the slit array on the energies of the 
upper and lower polaritons30. These calculations show strong dispersion along with an 
avoided crossing behavior – a clear indication of strong coupling between molecular ex-
citons and plasmons. 
Figure 4b presents results of simulations at higher molecular density, clearly showing a 
collective molecular-plasmon mode30 at 1.61 eV. This energy corresponds to a maximum 
in T  and a minimum in R . Note that absorption now has two peaks, which match the 
positions of the minima of T  and maxima of R . 
   
FIG. 4. Extinction spectra of the hybrid material depicted in the inset of panel (a). Both panels show absorption, A, 
(blue circles), transmission, T, (green squares), and reflection, R, (red diamonds) as functions of the incident photon 
energy. Individual molecules are considered as two-level emitters with a doubly degenerate excited state, as shown in 
the inset of panel (b). Panel (a) shows spectra at a low molecular number density of 3×1025 m-3. Panel (b) shows the 
results of simulations at a higher density of 2.5×1026 m-3. The slit array period is 410 nm. The other parameters are as in 
Fig. 2. 
Anticipating comparison with experiments, we monitor the nonlinear changes in the re-
flection spectra rather than the transmission. These changes may be expressed as the ra-
tio, 
 !R !" ,#( ) = R !" ,#( )$ R 0,#( )R 0,#( ) ,     (9) 
where R 0,!( )  is the unperturbed reflection in the absence of the pump. 
	  
FIG. 5 (Color online) Transient spectroscopy calculations for a 15 fs pump pulse with a peak amplitude of 4×109 V/m 
centered at the molecular transition energy of 1.61 eV. Panel (a) shows the change in reflection ΔR (see Eq. (9) ) as a 
function of the pump-probe delay and incident photon energy . Panel (b) depicts one-dimensional cuts of ΔR at three 
energies: blue circles are for the lower polariton at 1.58 eV (this energy is also indicated in panel (a) as a horizontal 
blue dashed line), red diamonds are for the upper polariton at 1.64 eV (also shown in panel (a) as a horizontal red 
dashed line), and green squares are for the molecular line at 1.61 eV (shown in panel (a) as a horizontal green dashed 
line). The molecular number density is 3×1025 m-3 (see Fig. 4a), and the period of the slit array is 410 nm. The other 
parameters are as in Fig. 2. 
Fig. 5a shows results for a 15 fs pump resonant with the molecular transition frequency 
at 1.61 eV. The observed transient spectra exhibit pronounced oscillations centered about 
three distinct energies, two of which correspond to the upper and lower polaritons (the 
minima of the unperturbed reflection, see Fig. 4), while the third is at the molecular tran-
sition energy. This result is consistent with recent experimental observations28, namely, 
the reflection is increased during the pump at the energies of the upper and lower polari-
tons. One should also note the asymmetry in the reflection signal – the upper polariton is 
significantly more enhanced than the lower one. This effect is most likely due to the fact 
that the unperturbed reflection (Fig. 4a) is already asymmetric, with the molecular transi-
tion energy slightly offset towards the upper polariton. Another observation worth noting 
is that reflection is suppressed at 1.61 eV (!R < 0 ), whereas transmission is enhanced. 
The molecules that mostly affect both transmission and reflection are located in a close 
proximity to the slits. Resonant excitation of these spatial regions results in strong cou-
pling of molecular excitons and SPP modes, thereby suppressing reflection and enhanc-
ing transmission – a phenomenon similar to extraordinary optical transmission. 
 To demonstrate that the observed changes are caused by energy transfer between the 
upper/lower polaritons and the molecular layer, we plot !R  in Fig. 5b at three energies 
as a function of the pump-probe delay. The period of oscillations is 3.75 fs. Interestingly, 
simulations performed at higher molecular concentrations or different array spacings 
show that these factors have a very minimal effect on the period of oscillations, which is 
fully determined by the local electric field amplitude and the strength of the molecular 
dipole. We also performed calculations using off-resonant pump excitation, as in Ref. 
[28]. The data obtained for the off-resonant case shows the same behavior – ultra-fast en-
ergy oscillations between the upper/lower polaritons and the molecules. 
	  
FIG. 6 (Color online) The change in reflection ΔR as a function of the pump-probe delay at the upper polariton energy 
for two pump amplitudes: red squares are for 2×109 V/m (peak amplitude) showing an oscillation period of 6 fs, and 
blue circles are for 4×109 V/m with a period of 3 fs. The pump is resonant with the molecular transition energy (1.61 
eV), and its duration is 30 fs. The other parameters are as in the previous figures. 
Next we proceed to examine the influence of the pump peak amplitude on the nonlinear 
dynamics. In order to observe many Rabi oscillations cycles but still maintain a moderate 
incident peak amplitude, we use a pump pulse with a duration of 30 fs. Figure 6 presents 
!R  at two peak amplitudes at the energy of the upper polariton as a function of the time 
delay. As expected, the Rabi oscillation period decreases with the increase of the pump 
amplitude. The average period of the oscillations at 4×109 V/m is ~3 fs, whereas the cal-
culations for 2×109 V/m indicate a period of ~ 6 fs. These calculations display at least 
two surprising features. First, the Rabi period is not constant, but rather decreases with 
time (detailed data not shown). (We note that this variation was also observed in Ref. 
[28].) Second, the Rabi period obtained from the simulations (the average oscillation pe-
riod at 2×109 V/m is 6.9 fs) is smaller than the one obtained assuming a simple two-level 
atom in the same laser field (17 fs at 2×109 V/m)37.  
It is incorrect to use the peak Rabi frequency to estimate the oscillation period of the 
population for a two-level emitter exposed to short pulse excitation. Rather, one has to 
take carefully into account the laser pulse envelope, calculating the pump pulse area as 
 
 
S = d0E0
!
f t( )dt,!     (10) 
where d0  is the transition dipole moment of the quantum emitter. For observations after 
the end of the pulse, the integral should be over the entire pulse envelope, whereas for 
measurements during the pulse, the integral should be taken up to the time of observation 
by the probe.  For an incident source of the form (7), the pulse area becomes 
 
 
S = d0E0! pump2! .     (11) 
For example, for a 30 fs pump with an amplitude of 2×109 V/m and the molecular param-
eters in Fig. 2, we have S = 1.74×π. Consequently, a two-level emitter exposed to such an 
excitation undergoes less than one Rabi cycle. (The population remaining in the ground 
state is 0.74 after the pump; i.e. the emitter is excited and then partially de-excited). Sim-
ple calculations performed for a single two-level emitter agree perfectly with (11). 
	  
FIG. 7. Nonlinear dynamics during a 180 fs pump. The blue solid curve shows ΔR as a function of the pump-probe 
delay at the upper polariton energy. The dashed green curve presents the ensemble-averaged ground state population of 
the molecular system. (The population ρ11 is multiplied by 40 for clarity). Vertical red arrows indicate direct corre-
spondence between oscillations in reflection and the ground state population. The pump amplitude is 4.3×108 V/m. The 
incident frequency is at the molecular transition energy of 1.61 eV. The other parameters are as in Fig. 2. 
If we now apply this simple model to estimate how many Rabi cycles the hybrid mate-
rial undergoes, we find that the number of cycles predicted by (11) is always smaller than 
the actual number computed from the complete set of Maxwell-Liouville-von Neumann 
equations. The only parameter that is different in the complete model is the local electric 
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field, which differs from its incident value in the near-field zone because of SPPs. The 
local field enhancement hence plays a crucial role determining how rapidly energy oscil-
lates in hybrid materials. 
Simulations using longer pump pulses reveal a direct connection between the excitation 
dynamics and transient spectra of the system, as illustrated in Fig. 7. There is a clear cor-
respondence between oscillations of the ground state population and changes in reflection 
induced by the pump. (A similar correlation was found for ΔT.) We conclude, therefore, 
that the observed oscillations in the transient spectra are due to quantum transitions be-
tween ground and excited states in individual molecules. 
We conclude this section by examining the role of dephasing in hybrid materials. This 
property is greatly affected by the inhomogeneous electric field due to SPPs, as is evident 
from Fig. 7. One of the causes of the fast decay of Rabi oscillations (in addition to pure 
decoherence and relaxation caused by interaction with the metallic system, which is ex-
plicitly included in the model) is spatially dependent excitation of the molecular layer, 
resulting from the strong gradient of the electric field induced mainly by surface plas-
mons. Different parts of the molecular ensemble therefore experience different local 
fields. This effect in turn changes the plasmon dynamics, influencing not only the ampli-
tude of Rabi oscillations but also the Rabi period. It should be noted that the molecular 
layer influences the near-field via the polarization current, which results in even faster 
dephasing. Simulations with a thicker molecular layer confirm the aforementioned con-
clusion, i.e. the Rabi oscillations decay significantly faster when a 10 nm thick molecular 
layer is replaced by a layer with a thickness of 50 nm. 
V. CONTROL OF THE ENERGY DISTRIBUTION IN HYBRID SYSTEMS 
The asymmetry of the energy distribution between the upper and lower polaritons is 
due to the relative position of the molecular transition energy with respect to the SPP res-
onance. Such a property of hybrid systems, along with the intriguing experimental pos-
sibilities of controlling the structural parameters of plasmonic nanomaterials, call for pos-
sible control of the plasmon energy distribution. One may shift the plasmon resonances 
by changing various material parameters, such as film thickness, period, slit width, etc. 
Fig. 8 illustrates this idea by examining transient spectra of the hybrid system for differ-
ent slit periods.  
 
FIG. 8. Change in reflectivity, ΔR, as a function of the pump-probe delay and incident photon energy for different 
slit array periods: (a) 350 nm; (b) 370 nm; (c) 390 nm; (d) 440 nm. The two horizontal dashed lines in each panel indi-
cate the energy positions of the upper and lower polaritons. The pump pulse duration is 15 fs, the peak amplitude is 
4×109 V/m, the incident frequency is at the molecular line of 1.61 eV, and the molecular number density is 3×1025 m-3. 
Other parameters are as in Fig. 2.  
The possibility of such control is due to the strong dispersion of the upper and lower 
polaritons in hybrid systems19c. As the plasmon resonance sweeps through the molecular 
line (for varying slit periodicity), the mixed plasmon-molecular hybrid modes drastically 
change their positions. The energy is more equally distributed among the upper and lower 
polaritons at shorter periods, as evident from Fig. 8. One may also envision control by 
changing the angle of incidence, as this parameter changes the in-plane wave vector, 
which in turn would change the energy distribution in a fashion similar to varying the ar-
ray period38. 
A more intriguing control possibility is to utilize the full machinery of the incident laser 
radiation. To demonstrate how the characteristics of the laser pulse affect the polariton 
energy distribution, we performed a series of pump-probe simulations varying the time 
envelop of the pump by turning it off ‘suddenly’, namely on a time-scale short compared 
to the natural system time-scales. Figure 9a depicts schematically a control pump with 
time duration tcutoff. Figures 9b-9d show the results of simulations for an array of slits 
with a period of 370 nm. By controlling tcutoff one may control the number and phase of 
Rabi cycles, and, as a result, the plasmon energy distribution as well. We can envision 
simultaneously varying both the time envelope of the pump and its incident angle. The 
former would control which mode the energy of the system goes to, while the latter ma-
nipulates the distribution of energy between the upper and lower polaritons.  
An interesting observation is “Free Induction Decay” type oscillations at times t > tcutoff, 
a result of the coherent superposition of the polariton population prepared by the pump 
pulse before its abrupt termination at tcutoff, as seen in Fig. 9. Note that for very short 
times after the cutoff, the  dynamics of !R  barely differs from the corresponding dynam-
ics with the pulse on.  
	  
FIG. 9. Effect of the laser pulse shape on the change in reflectivity. Panel (a) illustrates the abrupt cutoff of the pump 
pulse and application of the probe pulse at time tcutoff, which is used as a control parameter. Panels (b)-(d) show ΔR as a 
function of the pump-probe delay at different photon energies. Black solid curves show results for a non-truncated 
pump, red dashed curves show data for tcutoff = 6.75 fs, blue solid curves with crosses are for tcutoff = 7.75 fs, and green 
dash-dotted lines are for tcutoff = 8.75 fs. Panel (b) shows ΔR at the lower polariton energy of 1.59 eV, panel (c) shows 
ΔR at the molecular transition energy of 1.61 eV, and panel (d) presents ΔR at the upper polariton energy of 1.67 eV. 
Simulations are performed for a slit array with a period of 370 nm. The total pump pulse duration is 15 fs, the peak 
amplitude is 4×109 V/m, the incident frequency is at the molecular line of 1.61 eV, and the molecular number density is 
3×1025 m-3. Other parameters are as in Fig. 2. 
VI. CONCLUSION 
Using a self-consistent model of the coupled Maxwell-Liouville-von Neumann equa-
tions, we scrutinized the nonlinear dynamics of nano-materials comprised of interacting 
quantum emitters and plasmons. We showed that ultra-short resonant laser pulses signifi-
cantly modify the optical properties of such hybrid systems. It was demonstrated that en-
ergy transfer between the molecular layer and surface plasmons occurs on a femtosecond 
time scale. This energy transfer may be controlled by altering the material and/or laser 
parameters. When an intense resonant laser pulse excites a quantum medium coupled to a 
plasmonic material, the induced spatial distribution of the population of the excited quan-
tum states depends strongly on the incident wavelength and the geometry of the plas-
monic material, among other optical and material parameters. If the peak amplitude of the 
incident field is sufficiently high, the quantum emitters may be driven through one or 
more Rabi cycles, so that at the end of the pulse they will be in a predetermined quantum 
superposition of molecular states. The final superposition depends on the local EM field, 
which is subject to external control (e.g., through variation of the distance from the plas-
monic material). 
Within the lifetime of the excited states, which may be relatively long for specific 
systems, the quantum system is being modified by the laser pulse so that its macroscopic 
refractive index is changed. It should be emphasized that this modification is spatially 
dependent, with a characteristic length scale much smaller than the incident wavelength. 
We note that the close proximity of plasmonic materials modifies the refractive index in a 
spatially dependent manner due to the strongly inhomogeneous near-fields, leading to a 
modified, highly anisotropic refractive index. One may then probe the system with a low 
intensity pulse to measure the new refractive index.  
Our results suggest a wide variety of future research opportunities, ranging from con-
trol of the competition between charge transport and energy transfer – a hurdle in control 
of light-triggered molecular conduction junctions, to modification of the relationship be-
tween light enhancement and excited state quenching – the main handicap of plasmon 
enhanced spectroscopies.   
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